A method for the detection of the location of laminar-to-turbulent transition on the suction surface of an airfoil from the surface pressure distribution is examined. The location of transition is determined for two reference laminar airfoil types: NACA 4415 and WTEA-TE1, as well as for 17 modified WTEA-TE1 airfoil shapes, obtained by displacing the flexible wing upper surface using a single point control mechanism. The second derivative of the pressure distribution is calculated, using two interpolation schemes: piecewise cubic Hermite interpolating polynomial and Spline, from which it is determined that transition may be identified as the location of maximum curvature in the pressure distribution. The results of this method are validated using the well-known XFoil code, which is used to theoretically calculate the transition point position. Advantages of this new method in the real-time control of the location of the transition point are presented. T HE modern era of aviation opened a new horizon of research in the morphing adaptive wing concept, encouraged by rising fuel costs and environmental concerns. Adaptive wings, which have the potential to revolutionize the aerospace industry and would be highly beneficial from both commercial and military standpoints, target the enhancement of airfoil efficiency in off-design regimes via drag reduction and lift augmentation, leading to improvements in aircraft performance. Adaptive wing technology may be implemented on mainly two different scales: 1) the large scale through the use of flaps, spoilers, ailerons, etc. and 2) the small scale through boundary-layer control. Although the prospect of cost effectively designing commercial and/or military vehicles with extensive adaptive wing technology may be unlikely in the immediate future, various research into adaptive technology at both the small and large scales are being conducted, especially in the area of boundary-layer control [1] .
Several authors have studied this concept from both theoretical and experimental perspectives, and several airfoil shape optimization techniques have been developed; however, implementation into an aircraft structure has yet to be considered [1] [2] [3] . The main objective of this type of control is to reduce drag by modifying the location of the laminar-to-turbulent flow transition point on the wing upper surface for a range of operating flow conditions characterized by the Mach number, Reynolds number, and angle of attack. The in-flight modification of aircraft wings can be done to maintain laminar flow over the wing surface as flight conditions change, which will reduce drag and therefore fuel consumption.
Although advances have been made in the development of laminar flow airfoils, there are several problems which require careful attention if further improvements are to be realized in the development of a wing with laminar flow over a large portion of its surface. One important concern is the formation and behavior of the laminar separation bubble, predominantly present at low Reynolds numbers, which plays an important part in determining the character of the boundary layer and the stall characteristics of the airfoil. Studies of the separation of the laminar boundary layer, ensuing transition of the separated shear layer, and the subsequent reattachment and redevelopment of the turbulent boundary layer have already been realized to predict and understand this complex flow phenomenon from both theoretical [4] [5] [6] as well as experimental [7] standpoints. An excellent tool is the XFoil freelicensed software which is a boundary-layer solver developed by Drela [8, 9] . This software implements the e N method for transition point detection coupled with a viscous/inviscid flow panel-method solver. The optimal airfoil shapes were represented with a parameterized curve equation, allowing the system to learn the map from the flight-condition parameter values to the curve parameter values [1] .
A complex system, however, would adjust the airfoil shape based on the location of the transition point determined from the measured surface pressure distribution. As seen in Fig. 1 , for various airfoil types and flow conditions (angles of attack , speeds V, and Reynolds numbers Re), the controller would receive the airfoil upper surface C p distributions from the optical sensors, compare it to a computational fluid dynamics (CFD) generated database in which transition points will be given for various airfoil types as a function of the C p distribution, and determine the transition point once a match is found. The controller would subsequently analyze the transition point position and modify the airfoil shape accordingly using memory alloy actuators for real-time variable flow conditions. The overall aim of the controller will be to reduce the drag force on the airfoil upper surface in the vicinity of the trailing edge, given the same set of airflow conditions (angle of attack, airspeed, and Reynolds number) and the same lift force, through changes in the transition point position.
The work presented in this paper is concerned with only a small part of the closed-loop flow control design shown in Fig. 1 . Focus was placed on the relationship between the transition point positions provided by the CFD database and the chordwise pressure coefficient distributions.
This relationship will be extremely helpful in real-time controller future design because it will allow for the detection of the transition point position on modified intermediate airfoil shapes only from experimental pressure coefficient distributions. The main advantage of this work is that controller design and real-time simulation of the entire system will therefore be easier to implement.
II. Experimental Setup
The wind tunnel to be used for this experiment is the NRC-IAR 
III. Theoretical Considerations
The results obtained by wind-tunnel tests were also obtained by use of the XFoil code, which uses the e N method for transition point detection coupled with a viscous/inviscid flow panel-method solver [8, 9] . The N crit number introduced into the XFoil code was calculated using Mack's correlation [8] using the wind-tunnel freestream turbulence level :
In Fig. 2 , the pressure coefficients distribution and the predicted transition point are shown for the NACA 4415 airfoil. It was observed that the transition occurs when there is an increase of the pressure in the boundary layer, which is clearly visible in the C p plots generated by XFoil code. The increase of pressure was explained by Galbraith and Coton [10] as a separation bubble which appeared in the boundary layer. This separation bubble occurred at low Reynolds numbers and was studied in detail by Arena, O'Meara, and Mueller [4, 7] .
In the low Reynolds number range, an adverse-pressure gradient in the leading-edge flow causes the laminar boundary layer to separate, forming a free shear layer, which, for slightly higher Reynolds number, subsequently undergoes transition to turbulence, and culminates with the incipient reattachment of the turbulent shear layer. This region, delimited upstream and downstream by the laminar separation and turbulent reattachment points is termed a laminar separation bubble. A further increase in Reynolds number, in the medium to high Reynolds number range (5 10 5 to 10 7 ), promotes transition in the free shear layer causing the reattachment point to migrate toward the leading edge forming a shortened bubble. The laminar flow separation, transition, and turbulent reattachment occur over a small percentage of the chord and are followed by an attached turbulent boundary layer. Eventually, a sufficiently high enough Reynolds number caused the laminar boundary layer to undergo transition before separation so that the bubble disappeared. This phenomenon is typical for most large transport aircraft, for which the Reynolds numbers based on the wing chord are on the order of 10 7 [10] . In the case of our research project, we consider a medium Reynolds number (2-4 10 6 ) with laminar boundary layers in the flow. However, the laminar boundary layer is very sensitive to adverse-pressure gradients and tends to separate much earlier than a turbulent boundary layer. Thus, in a typical aerodynamic context with a changeover from favorable to adverse-pressure gradient, a region of laminar flow typically ends with a transitional laminar separation bubble soon after the flow encounters the adversepressure gradient according to Rist and Augustin [11] . The basic setup of a laminar separation bubble is sketched in Fig. 3 . The laminar boundary layer separates from the wall at a point S, transition to turbulence takes place at T, and the turbulent flow reattaches at R. The latter occurs because of an increased momentum exchange normal to the wall under the action of the larger turbulence eddies. With some oversimplification, the reattachment process can be thought to be due to a turbulent wedge that spreads from a point in the detached shear layer. The actual transition process starts by amplification of small-amplitude disturbances, which are already present in the upstream laminar flow or which are ingested from the freestream via a process called "receptivity." Once large enough, higher frequencies occur and the shear layer disintegrates into structures of different size [11] . For a detailed study of transition prediction using numerical computational methods and simulations of the laminar separation bubble in low Reynolds number flows, please refer to the paper of Mamou et al. [12] .
The laminar-to-turbulent transition point is defined somewhere between the laminar separation and the turbulent reattachment points. Several semi-empirical methods have been developed to determine the transition point location; the most commonly used is the e n method, which is implemented in XFoil code [8] . Based on experimental observations and linearized stability theory, this method indicates transition when the amplification ratio of any small disturbance in the laminar boundary layer reaches an amplification factor e n [9] . Figure 4 shows pressure coefficient distributions obtained using the XFoil code for a NACA 4415 reference airfoil at M 0:3, Re 3 10 6 , and a range of angles of attack, where the correspondent laminar separation, transition, and turbulent reattachment points are shown in the C p plots.
The transition point position can be detected in Fig. 3 as the point characterized by a high gradient in the local pressure, which can be explained with the following boundary equation of motion [4] :
The viscosity of the fluid imposes the "no-slip condition" at the airfoil surface, that is, u v 0 at y 0, thus, the flow Eq. (1) reduces to
When the pressure gradient is positive, the flow decelerates until it becomes reversed flow. Immediately downstream of the separation point, identified when @u=@y y0 0, the schematic streamlines near the surface in Fig. 3 show a strong curvature, which is associated with a strong pressure gradient normal to the surface. The streamlines may deflect back toward the surface to form a turbulent boundary layer, or they may deflect further away to form a highly unsteady turbulent shear layer. The laminar-to-turbulent transition point is defined somewhere between the laminar separation and the turbulent reattachment points. Several semi-empirical methods have been developed to determine the transition point location, the most commonly used is the e 9 method, which is implemented in XFoil code [8] . Based on experimental observations and linearized stability theory, this method indicates transition when the amplification ratio of any small disturbance in the laminar boundary layer reaches an amplification factor e 9 8100 [9] . The method proposed in this paper is based on the transition point position, defined as the point where the velocity streamline curvature @ 2 u=@y 2 y0 is maximal along x, which corresponds to its first derivative with x. To obtain this maximum derivative @=@x@ 2 u=@y 2 y0 , we derive Eq. (2) with respect to x and then we obtain Eq. (4), from which we can see that this first derivative corresponds to the second pressure derivative with respect to x, which should be a maximum:
The maximum in the second derivative of the pressure corresponds to the maximum curvature of the pressure plot, which is associated with the beginning of transition. A CFD database used by the controller, as described above, was constructed with the aid of the XFoil CFD solver for various flow conditions. This database consists of a collection of airfoil wing shapes, along with their corresponding pressure coefficient (C p ) versus chord distributions and location of the transition point. Figure 5 shows the CFD database with several pressure coefficient distributions for the reference WTEA-TE1 airfoil shape (16% thick supercritical airfoil with 68% of the chord in a laminar flow state optimized for transonic speed) and its modified airfoils. The reference airfoil is modified (up and down on the upper airfoil surface) through the use of a single control point (which corresponds to the actuator position) located at 36% of its chord; and thus 16 new modified airfoils with positive and negative deflections of the original airfoil upper surface are obtained.
IV. Results Obtained for a NACA 4415 Airfoil
In this section, the results obtained for the reference NACA 4415 airfoil are presented. The XFoil code is used to simulate the airfoil behavior at a speed of 65 m=s, corresponding to M 0:191 and Re 2 10 6 at a temperature T 15 C with a chord of 0.4572 m (1.5 ft). To determine the curvature (second derivative) of the C p distribution, two interpolation methods are used: Spline and PCHIP (piecewise cubic Hermite interpolating polynomial) [13] . The PCHIP method finds the values of an underlying interpolating Fig. 7 Second derivative of the C p distribution interpolated using the Spline and PCHIP methods. function px at intermediate points, such that on each subinterval x k x x k1 , px is the cubic Hermite interpolant to the given values and their slopes at the two endpoints x k and x k1 . The function px interpolates between the points values, and its first derivative p 0 x is continuous. The second derivative p 00 x may be discontinuous, as there might be jumps in the x k points. The slopes at these points are chosen in such a way that px preserves the data shape and respects its monotonicity, which is to say that on the interval in which the data is monotonic or has a local extreme, the same interval px is monotonic or has a local extreme. The Spline method constructs the interpolation polynomial in almost the same manner as the PCHIP. With Spline, the slopes at the x k points are chosen differently, so that the second derivative should be continuous, which results in a smoother result. The Spline method produces a more accurate result if the data consist of smooth function values while the PCHIP method has no overshoots and less oscillation if the data are not smooth, an advantage for the pressure distribution interpolations in the vicinity of the transition point, characterized by a sudden pressure increase. Figure 6 which displays the C p distribution interpolated in the vicinity of the transition point using both the Spline and the PCHIP methods, clearly indicates that the step in the pressure at the point of transition is more accurately interpolated by the PCHIP method than by the Spline function. Figure 7 , which illustrates the second derivative of the C p distribution, shows the maximum value of the C p second derivative (equivalent to the minimum value of the negative C p second derivative) determined from both methods of interpolation. The locations of transition determined under these conditions from the PCHIP and Spline interpolation methods are within 0.06 and 0.04% of the airfoil chord, respectively, compared to the transition position obtained directly from the XFoil code, suggesting a fairly high accuracy in the determination of the transition point.
V. Results Obtained for the WTEA-TE1 Airfoil
The two interpolation methods presented above were applied to a set of 17 airfoil shapes derived through modifications to the reference WTEA-TE1 airfoil (the notation TE1 stands for an airfoil configuration with a blunt trailing edge). Tables 1 and 2 show the relative errors of the transition point positions, as a fraction of the airfoil chord, calculated by the PCHIP method versus XFoil code (Table 1) and by the Spline method versus XFoil code (Table 2 ) obtained for the two reference wing airfoils, NACA 4415 and WTEA-TE1, and for the 17 modified airfoils of the WTEA-TE1 for five angles of attack. The total mean error calculated with the PCHIP method versus XFoil code was found, from Table 1 , to be 0:23%c and the total mean error calculated with the Spline method versus XFoil code was found, from Table 2 , to be 0:33%c, from which it can be concluded that the PCHIP method gives better results in this application. The maximum errors are shown in Tables 1  and 2 in bold figures. Note that the WTEA-TE1 has a different shape than the 0-mm displacement airfoil because for the latter spline curves were used to define the upper surface between 0.07 and 0.65 x=c.
The precision with which the location of the transition point is determined is dictated by the density of the pressure sensors distributed along the airfoil chord. In the current investigation, the XFoil software is used to simulate the C p distribution at 84 and 37 points for the WTEA and NACA 4415 airfoils, respectively, within the 7-65% chord interval, where a flexible skin should be equipped with smart actuators. For both the NACA 4415 and WTEA airfoils considered in this paper, the location of the transition point as a function of the pressure coefficient distribution was determined with a high precision of 0.1% of a chord between 7 and 80% of the chord, given the current measurement resolution.
VI. Conclusions
A method for the detection of the location of laminar-to-turbulent transition on the suction surface of an airfoil from the surface pressure distribution was examined. It was found, through validation using the XFoil code, that the transition point may be identified via the maximum curvature of the surface pressure distribution. This technique identified the location of the transition point with a mean accuracy of 0.23 or 0.33% of the airfoil chord, depending on whether the PCHIP or Spline interpolation method was implemented. This method does not, however, replace the theoretical e N method or other boundary-layer numerical methods. Indeed, it is based on the results obtained by these methods, expressed in terms of pressure coefficient distribution versus the airfoil chord.
This method is advantageous in its real-time applicability, such as in the controller of a morphing wing model, which would measure the pressure distribution, compute the second derivative, and then identify the position of transition to be used as the indicator on how to modify the wing shape. There are limitations, however, to this method related to the range in which the transition point can be located; the method does not work well in the vicinity of the leadingedge suction peak, necessitating its elimination. In addition, accurate determination of the location of the transition point is dependent on a sufficient density of pressure measurements along the airfoil chord.
Future work will involve experimental verification of the theoretically based results presented above. The effect of transition point position on the wing drag reduction will be determined, and, in this way, a controller to modify in real time the airfoil geometry will be developed. 
